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Abstract

Histone H3 lysine 56 acetylation (H3K56Ac) has recently been identified and shown to be important
for genomic stability in yeast. However, whether or not H3K56 acetylation occurs in mammals is
not clear. Here, we report that H3K56Ac exists in mammals. Mammalian H3K56Ac requires the
histone chaperone Asfl and occurs mainly at the S phase in unstressed cells. Moreover, SIRT1, which
is a mammalian member of sirtuin family of NAD*-dependent deacetylases, regulates the
deacetylation of H3K56. We further showed that proper H3K56 acetylation is critical for genomic
stability and DNA damage response. These results establish the existence and functional significance
of H3K56Ac in mammals and identify two regulators of this modification.
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Introduction

In eukaryotes, genetic information is packed in a higher order structure called chromatin. The
nucleosome is the basic unit of chromatin and consists of 147 bp of DNA wrapped around a
histone octamer that contains two copies of each of the four core histones: H3, H4, H2A and
H2B.1:2 Each of these four histones is a small basic protein with a globular core domain and
less-ordered N-terminus and C-terminus called histone tails. Histones are modified by
phosphorylation, methylation, ubiquitination and acetylation at both tails and globular
domains.3 Post-translational modifications of histones are linked to different states of
chromatin and regulate distinct processes such as DNA replication, gene transcription and
DNA repair.4—6

Histone H3 lysine 56 (K56), a core domain residue that localizes at both the entry and exit
points of a nucleosome, has recently been shown to be acetylated in yeast.”~12 In budding
yeast, the residue is acetylated predominantly during the S phase, but disappears rapidly when
cells enter the G,/M phase of the cell cycle.®11713 Strains lacking an acetylatable lysine at this
position were genetically unstable and sensitive to a subset of genotoxic agents, such as
camptothecin (CPT).”~® These phenotypes are possibly due to an important role of this
modification in nucleosome assembly following DNA replication and DNA repair.14:15
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Together, these data suggest that the appropriate acetylation of H3 K56 in budding yeast is
important for genome stability.

Although H3 K56 acetylation play an important role in genomic stability and is conserved in
P. falciparum and Drosophila, previous studies failed to detect the acetylation of H3 K56 in
mammalian cells.”19 A recent study suggest possible K56 acetylation in mammalian cells
using mass spectrometry,16 however the signal was weak and no conclusive immunological
evidence were shown. Furthermore, the function of this modification has not been explored.
In this report, we investigated whether H3 K56 was acetylated in mammals and if so, the
possible functions of this modification.

In budding yeast histone H3 K56 was found to be acetylated by mass spectrometry’~12 and
this modification regulates replication or repair coupled nucleosome assembly, a process that
is important for the inheritance of epigenetic information as well as maintenance of genome
stability. In mammals, however, H3 K56 Ac has not been well established, let alone the function
of this modification. We found that H3 K56 is acetylated in human, mouse and rat cells using
an antibody that we generated against yeast H3K56Ac (Fig. 1A), although the signals in
mammalian cells were weaker than those of yeast. The specificity of this antibody has been
vigorously tested toward yeast H3 K56Ac.12:17 To confirm the specificity of this antibody in
human cells, we expressed wild type H3 tagged with the FLAG epitope as well as mutant forms
of H3 in which human H3 K56 was mutated to GIn (K56Q) or Arg (K56R). As shown in Figure
1B, anti-H3K56Ac antibodies no longer recognize mutated H3 K56. Furthermore, H3K56Ac
peptides, but not H3K56Me peptides, could block the signals by H3K56Ac antibody (Suppl.
Fig. 1A). H3K56Ac antibody from another source also generates similar signals as our antibody
(Suppl. Fig. 1B). These results confirm the specificity of the antibodies recognizing H3K56Ac
in mammalian cell extracts.

In yeast, H3K56Ac is an abundant modification that marks newly synthesized histone H3
molecules before they are incorporated into nucleosomes during the S phase and this
modification largely disappears during the G,/M phase.2:11713 To investigate whether
H3K56Ac is regulated in a cell cycle-dependent manner in mammalian cells, we synchronized
cells at the G4/S interface by double-thymidine block, and then released cells into the cell cycle.
As shown in Figure 1C, H3K56Ac occurred during the S phase and disappeared at the late
stages of the cell cycle. These results suggest that H3 K56 Ac occurs preferentially in S-phase
of the cell cycle and may play a role in during DNA replication in mammalian cells.

We next investigated the regulation of H3K56Ac in mammalian cells. In yeast, the
acetyltransferase Rtt109 as well as histone chaperone Asf 1 are required for H3K56Ac.11:17—
21 While it is currently unclear whether there are mammalian homologs of Rtt109, two
mammalian Asf isoforms Asfla and Asf1b have been identified.22 Knockdown of Asfla
expression significantly reduced H3K56Ac, whereas knockdown Asf1b had only a slight effect
on H3K56Ac (Fig. 2A). Since H3K56Ac preferentially occur in the S phase, the affect of Asfla
toward H3K56Ac could be the result an abnormal cell cycle profile in cells depleted of Asfla.
However, we found that cells accumulated in the S phase in these cells (Fig. 2A), which could
not explain the decreased H3K56Ac. These results suggest that Asf1, like its yeast counterpart,
is required for H3 K56 acetylation, with Asfla the prevalent isoform in this process in HeLa
cells.

The deacetylation of H3 K56 is mediated by sirtuin-family histone deacetylases, Hst3 and Hst4
in yeast.13:23:24 SIRT1, a mammalian member of sirtuins, has been shown to regulate
epigenetic modification of histones in mammals, 2 such as K14 of H3 and K16 of H4. A recent
study also showed that loss of SIRT1 causes increased H3K9ac, decreased H3K9me3, and
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delocalization of HP1 from heterochromatin.28 We found that SIRT1~ cells showed H3K56
hyperacetylation compared to SIRT1*/* cells (Fig. 2B); expression of WT SIRT1 in
SIRT1 " cells reduced H3 K56 acetylation (Fig. 2B). On the other hand, downregulation of
SIRTS, asirtuin implicated in regulating H3K9 acetylation,2’ had no obvious effect on H3K56
acetylation (Suppl. Fig. 1D). These results suggest a specific role of SIRT1 in deacetylating
H3K56 in mammalian cells.

The H3K56Ac is dynamically controlled to maintain genomic stability in yeast. Strains lacking
either H3K56 histone acetyltransferase Rtt109 or H3K56 deacetylase Hst3/Hst4 are sensitive
to genotoxic agents and exhibit increased levels of spontaneous DNA damage as well as
synthetic phenotypes with strains lacking genes involved in DNA repair and replication.13:
17,21,24,28 Similar to Hst3/4-deficient cells, SIRT1~~ MEFs showed more spontaneous DNA
damage as these cells displayed more yH2AX foci, which are markers of DNA damage (Fig.
3A and B). Reconstitution of SIRT1 7/~ cells with WT SIRT1, but not catalytically inactive
H363Y mutant,2? decreased y-H2AX foci. Many of the yH2AX foci colocalize with PCNA
foci, suggesting that the spontaneous DNA breaks in SIRT17/~ cells occur during the S phase
(Suppl. Fig. 2A). yH2AX levels were also increased in SIRT17~ MEFs cells (Fig. 3C).
Reconstitution of SIRT1 7/~ cells with WT SIRT1 decreased y-H2AX levels (Fig. 3C). These
results suggest that SIRT1 maintains genomic stability.

To directly test the functional significance of H3K56Ac, we generated cells stably expressing
H3.1 shRNA and at the same time, stably expressing shRNA-resistant WT H3.1, H3.1K56A
and H3.1K56Q (Fig. 4A). As shown in Figure 4B and C, the K56R and K56Q mutations
increased phosphorylated-H2AX (y-H2AX) foci and levels. These results suggest that
mutations at H3 K56 induce spontaneous DNA breaks. Since H3 K56Ac preferentially occurs
at the S phase, the spontaneous DNA breaks in H3 K56 mutants are probably due to a defect
in DNA replication process, likely nucleosome assembly. Consistent with this notion, cells
expressing H3K56R or H3K56Q mutant have higher S phase population accumulation than
cells expressing WT H3 (Suppl. Fig. 1E). Furthermore, the y-H2AX foci in H56K mutants
occur in high percentage in cells with PCNA foci, which are markers of replicating cells (Suppl.
Fig. 2B).

We also found that H3K56 acetylation was increased in response to genotoxic stress (Fig. 4D).
In yeast, high level of H3K56Ac was suggested to create a favorable chromatin environment
for DNA damage response.? We used cells expressing K56R and K56Q mutants to test whether
it is the case in mammalian cells. K56R and K56Q mutants had a slower progression through
the S-phase in recovering from hydroxyurea (HU) induced cell cycle arrest (Fig. 4E and Suppl.
Fig. 2C). The moderate effect on cell cycle progression could be an effect of H3 K56 acetylation
on nucleosome assembly. Alternatively, the increased DNA damage occurs in cells expressing
H3K56 mutants could trigger cell cycle checkpoints, which could temporarily arrest cell cycle.
Furthermore, cells expressing K56R and K56Q mutants were more sensitive to CPT, HU and
MMC, which cause DNA damage (Fig. 4F). Overall, these results suggest that mutations at
H3KS56 not only result in spontaneous DNA damage, but also render cells hypersensitive to
DNA damage agents.

Discussion

In S. cerevisiae acetylation of H3K56 regulates nucleosome assembly, DNA damage response
and genomic stability.3%:31 However, whether H3K56Ac is present in human cells is
controversial. Two previous studies did not detect H3 K56 acetylation in mammals,’+19 leaving
open the question as whether H3K56 acetylation as well as the function of this modification
are conserved from yeast to mammals. In this study, we detected H3K56 acetylation in human,
mouse and rat cells, establishing that H3K56 is indeed acetylated in mammals. We further
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show that similar to yeast studies, H3K56 is acetylated preferentially during S-phase, and

deacetylated when cells enter into the later stages of the cell cycle. In addition, we show that
H3KS56 acetylation is important for genomic stability and DNA damage response. These results
suggest that the function of H3K56 acetylation is likely to be conserved from yeast to mammals.

In yeast cells, histone chaperone functions to present newly-synthesized H3 acetylation by
Rtt109-Vps75 HAT complex and Asf1 is essential for H3K56Ac in yeast cells.11:17,18,21,24 |
mammalian cells, there are two Asfl isoforms, Asfla and Asflb. We have shown that Asfl is
required for efficient H3K56Ac in mammalian cells. Surprisingly, Asfla appears to be more
important in the regulation of H3K56Ac than Asflb. This differential effect of Asfla and 1b
could mean that Asflb is not as important as Asfla in regulating H3K56 acetylation.
Alternatively, Asfla could be more abundant than 1b in HelLa cells, making them more
dependent on Asfla. However, a previous publication did show almost equivalent levels of
Asfla and 1b in HeLa cells.2? To date, no obvious sequence homologs of Rtt109 have been
identified in mammalian cells. Recent structural studies on Rtt109 suggest that Rtt109 shares
sequence homology with the catalytic domain of p300/CBP. Therefore, it is possible that p300
and CBP is the H3K56 HAT in mammalian cells. Future studies will be needed to test this
hypothesis.

We also demonstrate that SIRT1 is involved, either directly or indirectly, in the deacetylation
of H3K56 in mammalian cells. In yeast, the deacetylation of H3 K56 at Go/M phase is due to
the increased expression of Hst3/4.13:24 However, SIRT1 expression remains constant
throughout the cell cycle (Fig. 1C). It remains to be determined how H3 K56Ac is specifically
deacetylated during the Go/M phase. Previous studies have shown cells deficient of SIRT1
display genomic instability26:32:33 through several potential mechanisms. SIRT1 is important
for NBS1’s function in DNA damage response.32 Furthermore, SIRT1 relocalizes to the sites
of DNA damage and promotes DNA repair.25:33 Here we report another potential mechanism
by which SIRT1 regulates genomic stability through its effect toward H3K56. A previous report
showed that although SIRT17/~ cells show genomic instability, the formation of yH2AX foci
is defection.26 In contrast to this previous report, we found increased yH2AX foci in
SIRT1 7~ cells. Currently, it is not clear how to reconcile this difference.

We have shown that cells expressing H3 K56R and K56Q mutants have increased levels of
spontaneous DNA damage and are more sensitive to genotoxic stress compared to WT H3. We
only could substitute a subpopulation of H3 with H3K56R and K56Q (Fig. 4A), however, it
is sufficient to induce many spontaneous DNA breaks. This suggests that proper modification
at H3K56 is important for genomic stability. Interestingly, in yeast, the K56Q mutant that
supposedly to mimic K56 acetylation, show less sensitivity to CPT than the K56R mutant.® In
our hand, the K56Q and K56R mutants behave in a similar fashion. One explanation is that the
K56Q mutant might not behave as a acetylation-mimic mutant in mammalian system.

Together, our results answered an unresolved question and established that H3K56 acetylation
is conserved from yeast to mammals.

plasmids and antibodies

HelLa and H1299 cells were cultured in RPMI supplemented with 10% FBS. SIRT1 MEFs
were kindly provided by Dr. Chuxia Deng (NIH). MEFs cells were cultured in DMEM
supplemented with 15% FBS.

FLAG tagged histone H3.1 (pOZ-FH-N vector) was kindly provided by Dr. Yoshihiro Nakatani
(Harvard Medical School). pBabe retrovirus vectors encoding SIRT1 were constructed
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according to the manufacturer’s directions (Invitrogen Gateway System). Mutants were
generated by site-directed mutagenesis (Stratagene). H3.1cK56R primer: 5'-CGA AAT CCG
TCG CTA CCA GAG GTC CAC CGA GCT GCT GAT CC-3'and 5-GGA TCA GCA GCT
CGG TGG ACC TCT GGT AGC GAC GGA TTT CG-3'; H3.1cK56Q primer: 5'-CGA AAT
CCGTCGCTACCA GCA GTC CAC CGA GCT GCT GAT CC-3"and 5-GGA TCA GCA
GCTCGGTGGACT GCTGGT AGC GAC GGATTT CG-3'; H3.1c shRNA-resistant Mutant
primer: 5-CCG CCC GGG CAC CGT GGC CCT CCG CGA AATCCG TCG CTAC-3'and
5-GTA GCG ACG GAT TTC GCG GAG GGC CAC GGT GCC CGG GCG G-3.

SIRT1 antibodies were made as described previously.34 H3 and H3K56Ac antibodies were
made as described previously.1” Another H3K56Ac antibody (07-677) was purchased from
Millipore. PCNA antibody (SC-56) was purchased form Santa Cruz. Rabbit®-H2AX antibody
(A300-081A) was purchased from Bethyl. FLAG antibody (M2) were purchased from Sigma.
Asflaand Asflb were generated by immunizing rabbits with peptides (Asfla: LEDAESSNPN;
Asflb: NCTPIKGLGL). The antisera were affinity-purified with AminoLink Plus
immobilization and purification kit (Pierce).

Preparation and infection of retrovirus

RNAI

Packaging cell line BOSC23 was transfected with the retrovirus plasmid pBabe-FLAG-SIRT1.
Media was changed 24 h later and collected at 48 or 72 h after transfection. The media were
filter-sterilized (0.45 pm filter) and used to infect SIRT~/~ MEFs cell. Infected cells were
selected with 2 pg/ml puromycin (Sigma). Resistant clones were picked and expanded for
further analysis.

Asfla sShRNA (RHS4531-NM_014034#V2LHS_60027) were purchased from
Openbiosystems. Asflb siRNA was purchased from Dharmacon (SmartPool M-020553-01).
Transfection was performed twice at 24 h interval with 200 nM of siRNA using Oligofectamine
reagent according to the manufacturer’s instruction (Invitrogen). Histone H3.1c ShRNAs were
purchased from Sigma (NM_003531), the target sequence is CCT TGC GCG AAATCC GTC
GCT, this sequence only target to H3.1c. Lentivirus vector pLKO.1 encoding H3.1c ShRNAs
were made according to the protocol shown on Sigma website
(http://www.sigmaaldrich.com/life-science/functional-genomics-and-rnai/learning-center/
mission-protocols.html).

Histone H3 stable cell lines generation

H1299 cells were cotransfected with H3.1c shRNA (puromycin resistent) and ShRNA-resistent
FLAG-tagged wild type H3.1c or mutant H3.1c (K56R or K56Q) by using lipofectamine 2000
according to the manufacturer’s instruction (Invitrogen). After 48 hrs, cells were selected with
2 ug/ml puromycin (Sigma). After 6 days, resistant clones were screened with anti-H3 and
anti-FLAG antibodies. Clones which express equal levels of endogenous H3 and recombinant
H3 were picked and expanded for further analysis.

Immunoblotting and antibody blocking

Histone H3 used for anti-Ac-K56 immunoblotting was isolated by acid extraction. Cells were
lysed in ice-cold NETN lysis buffer (20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 1 mM EDTA,
0.5% Nonidet P-40) containing 50 mM B-glycerophosphate, 10 mM NaF, and 1 mg/ml each

of pepstatin A and aprotinin. 1 M HCI was added to a final concentration of 0.2 M, followed
by incubation on ice for 30 min and centrifugation at 13,000 rpm for 10 min. The supernatant
was retained and adjusted to pH 7 by adding 5 M NaOH. Cell extracts were separated by 15%
SDS-PAGE and subjected to immunoblot analysis with the indicated antibodies.
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Cell synchronization and FACS analysis

H1299 cells were synchronized by double thymidine block and release. Briefly, cells were
treated with thymidine (2 mM) for 16 h. Cells were then washed three times, replaced with
fresh medium and grown for 8h prior to a second treatment with thymidine (2 mM). 16 h after
the second thymidine treatment, cells were washed, refed with fresh medium, and collected at
the indicated time points. H1299 cells were synchronized by HU (1 mM) for 16 hrs. cell were
then washed with three times, replaced with fresh medium and collected at the indicated time
points. Cells were stained with propidium iodine (final concentration is 20 pg/ml) and subjected
to FACS analysis and data were analyzed using the ModFit program.

Immunofluorescence

Immunofluorescence staining was performed using standard procedure. Cells were plated on
dishes containing glass coverslips. After 24 hrs, cells were fixed in 4% paraformaldehyde for
10 min at room temperature and permeabilized with 0.2% Triton X-100 for 10 min. The fixed
cells were then incubated in 1% BSA/PBS solution for 30 min. Anti-yH2AX and PCNA
antibodies were added in 1% BSA/PBS for 25 min at 37°C. After washing with PBS,
Rhodamine-conjugated anti-mouse 1gG and FITC-conjugated anti-rabbit 1gG antibody was
added and incubated for 20 min at 37°C. Cells were then washed three times with PBS, and
the stained cells were mounted with mounting medium and sealed with nail polish.
Immunofluorescence was recorded using an Nikon Elipse 80i microscope.

Cell viability assay

We used the MTS assay to measure cell viability. The MTS cell proliferation assay is a
colorimetric method to identify the cytotoxic potential of a test item. The assay measures the
formation of a soluble formazan product (absorbance maximum at 490-500 nm), which is
directly proportional to the number of live cells in culture. Cells were plated on 96-well dishes
at a density of 3 x 103 cells/well. After overnight incubation, cells were treated with
capmtothecin (CPT), methyl methanesulfonate (MMS) and hydroxyurea (HU) at the indicated
dosages. After 24 hrs (MMS) or 48 hrs (CPT and HU) incubation, CellTiter 96® Aqueous One
Solution Reagent (MTS assay, Promega, Cat.#: G3582) was added to each well according to
the manufacturer’s instructions. After 1 hr incubation, cell viability was determined by
measuring the absorbance at 490 nm using a 550 BioRad plate-reader (Bio-Rad, Hertfordshire,
UK).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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H3KS56 acetylation was present in mammalian cells. (A) Yeast, H1299 (Human), mouse
embryonic fibroblast (Mouse) and Ratla (Rat) cells were lysed and cell lysates were blotted
with antibodies against H3K56Ac or H3. GST-H3 purified from bacteria cells were used as
negative control. (B) Cells expressing FLAG-tagged wild-type H3 or K56 mutants were blotted
with antibodies against H3K56Ac or the FLAG epitope. (C) H1299 cells were synchronized
by double thymidine block and released into the cell cycle. Cells were harvested at indicated
time points and cell extracts analyzed by western blot using indicated antibodies against
H3K56Ac and H3. Cell cycle distribution at each time point was determined by fluorescence-
activated cell sorting (FACS).
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Figure 2.

Asfl and SIRT1 regulate H3K56 acetylation in mammalian cells. (A) Asfla and Asflb were
knocked down separately or together in HeLa cells for 72 hr. Cells were lysed and cell lysates
were analyzed for H3K56Ac by western blot. A fraction of cells were fixed and examined for
cell cycle distribution by FACS. (B) Cell lysates from SIRT1** SIRT17~ or SIRT1/~ MEFs
expressing WT SIRT1 were blotted with H3 K56Ac or H3 antibodies. Cell cycle distribution
of these cells was determined by FACS.
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Figure 3.

SIRT1 deficiency induces spontaneous DNA damages. (A) SIRT1*/*, SIRT17/~ or SIRT1 7/~
MEFs reconstituted with WE SIRT1 or SIRT1H363Y were fixed and stained with indicated

antibody and DAPI. Bars, 10 um. (B) Quantification of the percentage of cells that display y-
H2AXx foci in (A). 3 independents and 100 cells per sample were counted for deriving the bar
graphs. **p < 0.01; *p < 0.05. (C) Cell lysates from SIRT1**, SIRT1/~ MEFs or SIRT17/~

MEFs reconstituted with SIRT1 were blotted with y-H2AX antibody and PCNA antibody.
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Figure 4.

Histone H3 K56 contributes to genomic stability and DNA damage response. (A) H1299 stably
transfected with H3 shRNA together with FLAG-tagged H3 WT, H3 K56R or H3 K56Q were
lysed and the expression of H3 was examined. The right panel is the quantification of H3 level
normalized to B-actin (B) Cells from (A) were fixed and stained with indicated antibody and
DAPI. The right panel represented % of cells with y-H2Ax foci. 3 independent experiments
and 100 cells per sample were counted to derive the bar graphs. **p < 0.01; Bars: 10 um. (C)
Cells from (A) were lysed and cell lysates were blotted with indicated antibodies. (D) HeLa
cells were treated with CPT and HU, and H3K56 acetylation was examined. (E) Cells from
(A) were treated with HU for 16 hrs, then released into the cell cycle. Cell cycle progression
of these cells was then examined by FACS. (F) Cells from (A) were treated with CPT, MMS
or HU at indicated dosage, cell viability were detected by the MTS assay.
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